The tail flick (TF) 
Introduction
Among the various pain perception tests that measure the latency of the response to thermal noxious stimuli, the tail flick (TF) test (D'Amour and Smith, 1941) [5] , which uses radiant heat, is most often used to measure the severity of acute or chronic pain and to assess the effect of analgesics.
Since the TF test is sensitive to manipulation, it is recommended that the rat be kept firmly in place, but not to the point of causing it too much discomfort; thus, the rat is rolled up in a cloth or placed in a cylindrical restrainer. However, in conscious animals, it is inevitable that learning of co-occurring cues contributes to the TF latency.
In conscious rats, there is a highly significant correla-tion between tail-skin temperature and TF latency [17] . The reaction time is shorter, and the movement is more vigorous when the intensity of the radiant heat source is more intense [4, 14] . A radiant lamp is generally used as the stimulator during TF testing because it provides a slow cutaneous heating speed (<10°C/s) [13] . However, the radiation properties of the stimulator may affect the TF test results. TF latency is dependent on the intensity of the heat source; thus, the stimulators must produce a reliable, constant radiant heat source. However, most TF test studies since the report of D'Amour and Smith have not reported the stimulator's heat intensity.
In Experiment 1 of the present study, the effect of inhalation anesthesia on TF testing and the optimal inspiratory concentration of the anesthetic for TF testing were determined. In Experiment 2, the heat flux profiles at various stimulator intensities were measured. Finally, in Experiment 3, the TF latencies with various heat source intensities were determined.
Materials and Methods

Experiment 1
With the approval of the Animal Care and Use Committee of the Kinki University School of Medicine, 24 male Sprague-Dawley rats weighing 340 to 420 g (10-12 weeks old) purchased from Japan SLC Inc., Shizuoka, Japan were studied. They had been bred at the Life Science Research Institute, Kinki University School of Medicine. They were maintained under controlled conditions (temperature 23 ± 0.5°C; humidity 55%; 12/12-h light/dark cycle) and fed a commercial diet, CE-2 (CLEA Japan Inc., Tokyo, Japan), with tap water ad libitum. The experiments were performed between 13:00 and 17:00 under controlled conditions (temperature 23 ± 0.5°C).
A Tail-Flick Unit (Model 7360, Ugo Basile, Varese, Italy) was utilized for TF testing. The stimulator basically consists of an infrared power source (Halogen "Bellaphot", Mod. 64607 OSRAM, 8V-50W) with an adjustable intensity (maximum, 20 W) ranging from 10 to 99 in one-digit steps. When a 'flick' reaction occurs, an on-board sensor turns off the bulb, the second counter is stopped, and the withdrawal latency is determined to the nearest 0.1 s.
The rats were placed in a plastic box that was 22 cm long, 6.5 cm wide and 6.5 cm high. The upper panel swung out to allow the subjects to be placed inside. Two holes were drilled through the front of the box to provide inlets for oxygen and anesthetic gases, as well as to allow gas sampling. The distal wall had a hole through which the tail protruded. The side and bottom surfaces of the box were black, and the ceiling was clear; the box was covered with a cloth during testing. Isoflurane in oxygen was introduced into the box, and the concentrations of isoflurane and oxygen in the box were continuously measured using an anesthetic gas analyzer (Capnomac Ultima; Datex, Helsinki, Finland). Inspiratory concentrations of 0%, 0.5%, 1.0%, and 1.5% isoflurane were used; 6 rats were tested at each inspired gas concentration.
The ventral surface area of the distal 5 to 6 cm of the tail was placed over a 0.5-cm hole in an aluminum box, and an IR bulb was housed beneath the hole. In each trial, different spots of the tail at 5-mm intervals were exposed to the IR bulb; a 10-s cut-off was used to minimize the risk of tissue damage. The minimum alveolar concentration (MAC) (the concentration that blocks movement evoked by a noxious stimulus (ED 50 )) decreases by 42% as the temperature decreases by 10°C [7] . Therefore, to avoid hypothermia, the rectal temperature of the anesthetized rat was measured using a thermocouple and maintained at 36-38°C by a thermal plate that was connected to a feedback warmer placed beneath the box.
Prior to each experiment, the rats were placed in the boxes and exposed to various concentrations of mixed gas for 20 min. Each subject was then tested at 10-min intervals with IR20 intensity for 60 min. Each session was repeated 7 times with a 10-s time interval between trials.
Experiment 2
This experiment was performed under controlled conditions (temperature 23 ± 0.5°C). The heat flux profiles of the stimulator were measured using a Heat Flux Radiometer (Model 37300; Ugo Basile, Varese, Italy), and the radiant temperature profile of the stimulator was measured using a digital thermometer (ACT-1200D; Ando Keiki Co., Ltd, Tokyo, Japan).
The infrared radiant (IR) power flux (mW/cm 2 ) was measured five times every 0.5 s for 10 s, and the radiant temperature (°C) was measured five times every 0.5 s for 10 s, as well as at 15 s and 20 s, at IR intensities from IR10 to IR60 in five-digit intervals. The cumulative IR power fluxes of the intensities were calculated, and then the deviation rates from the predicted linear equations of all intensities were calculated as follows:
Deviation rate (%) = observed value -predicted value × 100 predicted value
The relationship was judged to be linear when the deviation rate was less than 5%.
The radiant temperature profile was measured using a thermocouple (#2029, 0.32 mm in diameter; Ando Keiki Co., Ltd, Tokyo, Japan) that was connected to a digital thermometer that was placed over the radiant hole and covered by a 5-mm thick leather sheet. The temperature of the environment was measured using a thermocouple (HS-10; Bio Research Center Co. Ltd., Nagoya, Japan). A thermal blanket (HB-10, Bio Research Center Co. Ltd.) covered the leather sheet and was connected to a feedback warmer (BWT-100, Bio Research Center Co. Ltd.), which regulated the temperature at 27.5°C (the mean tail skin surface temperature at the area that was measured using the thermocouple and the digital thermometer during the preliminary experiment). To fit the temperature curves, a one-site binding (hyperbola) model using the nonlinear regression analysis program of GraphPad Prism 4 for Windows was used, and the relationship between the temperature variations and the IR power flux was investigated.
Experiment 3
More than one week later, the TF latencies of 10 rats that had been assessed in the previous experiment were measured after exposure to various heat source intensities. The subjects were placed in the plastic box and exposed to 1.0% isoflurane and oxygen. The rats' rectal temperature was maintained at 36-38°C, and TF testing was done at 10-min intervals using various intensities (IR10, 20, 30, 40, 50, and 60). The measured TF latencies were converted to the predicted skin temperature using the equation stated in Experiment 2. The TF latencies and the TF temperatures obtained with the various IR intensities were evaluated.
Statistical analysis
The mean TF latencies of the first two trials tended to be longer than those of the subsequent 5 trials; repeated measures analysis of variance (repeated measures ANOVA) showed that the variances of the first two trials were significant, while those of the subsequent 5 trials were not significant, except that the TF latencies with 1.5% isoflurane inhalation showed no response within the cut-off time in 69% of trials (Table 1) . Therefore, the mean TF latencies of the subsequent 5 trials of each session were used as the representative values.
The data are presented as mean ± SD. TF latency changes over time were compared using repeated measures ANOVA, and comparisons among groups were analyzed by ANOVA followed by the post hoc Dunnett's multiple comparison test or Tukey's multiple comparison test, as indicated. The Pearson product-moment correlation coefficient between skin temperature and TF latency was calculated. GraphPad Prism 4 for Windows (GraphPad Software, San Diego, CA, USA) software was used for the statistical analysis. P values of less than 0.05 were considered statistically significant.
Results
Experiment 1
The results of repeated measures of TF latency obtained with the various concentrations of inhaled isoflurane are shown in Fig. 1 . It was difficult to immobilize the rats that were conscious or those that were exposed to 0.5% isoflurane inhalation during testing. At the start of repeated testing, the mean TF latencies at each setting tended to be longer with higher inspiratory concentrations of isoflurane, but the differences in the mean TF latencies were not significant. Repeated measures ANOVA showed that the TF latencies with 1.5% isoflurane inhalation changed over time; approximately 55% of assessments showed no response within the cut-off time. The rats exposed to 0% (conscious), 0.5%, and 1.0% isoflurane showed no significant chang-es in TF latencies over time, but TF latency with 1.0% isoflurane was longer than that with 0% isoflurane at 50 min and 60 min. In conscious rats, the lower 95% confidence interval (95% CI) of the TF latencies was less than 2.5 s at 50 min. On the other hand, in the rats exposed to 0.5% and 1.0% isoflurane, the lower 95% confidence interval (95% CI) of the TF latencies was not less than 2.5 s at any time.
Experiment 2
The IR power flux profiles and the calculated cumulative IR power flux of the stimulator are shown in Fig. 2   (A, B) . The differences in the IR power fluxes between adjacent intensities were not proportional to the intensity adjustment. The IR power fluxes gradually increased with the increase in radiant heat and then reached a constant IR power flux. These findings were present at all intensities, but a longer time was needed to reach constant values with higher intensities than with low intensities.
Since the deviation rates at 2.5 s were less than 5% at all intensities, linear equations of calculated cumulative IR power flux were assured after 2.5 s (Fig 2C, D) .
For the regression analysis of the radiation temperature variance, 27.5°C was subtracted from the values, and then the data were used. The following non-linear regression equation was used: Therefore, the equation could be re-stated as follows: The changes in the observed temperature and the predicted temperature at each intensity are shown in Fig.   3 . The predicted values were underestimated for the lower IR intensities and overestimated for the higher IR intensities; errors were evaluated within 10% (-9.7% to 8.9%) for all intensities.
Experiment 3
TF latencies and the predicted skin temperatures (∆temp + 27.5°C of tail skin temperature) at the time of the TF response obtained with the various IR intensities are shown in Fig. 4 . Three rats showed no response within the cut-off time at the IR10 intensity. The mean latency at IR10 was signifi cantly longer than that at other higher intensities; there was no signifi cant difference among the latencies at intensities of IR40, IR50 and IR60. The response temperatures ranged from 42.0°C to 66.9°C. The mean TF response temperatures at IR10 and IR20 were signifi cantly lower than those at higher intensities. No responses were observed in any subjects at predicted skin temperatures of less than 42.0°C; however, three rats showed no response prior to the cut-off time at 45.4°C.
Discussion
The present study showed that inhalation anesthesia suppressed the TF reflex depending on the volatile anesthetic concentration. The IR power fl uxes of the tail fl ick stimulator used in this study provided constant power 2.5 s after the stimulator was turned on. The predicted skin temperature depended on the maximum IR power fl ux of the IR intensity and the radiation time. One percent isofl urane inhalation and a stimulator heat intensity of IR20 provided reliable TF latencies on repeated TF tests.
TF testing using thermal radiation has been used in approximately 40% of the animal studies dealing with pain measurement [11] , since it does not require sophisticated equipment, is easy to perform, and is sensitive to manipulations known to reduce pain in humans [13] . However, to be useful, consistent scores must be obtained when animals are retested under identical test conditions or an equivalent form of the test [11] . The reported baseline TF latencies can vary; they typically range from 2 to 4 s. However, few reports have examined the properties of the heat source or have explained how to calculate representative values. Previous trials have noted that the TF latency decreased in conscious rats. Kallina and Grau [10] suggested that this occurred due to an increase in the tail temperature, which caused a decrease in TF latencies. On the other hand, King et al. [11] considered the decrease in TF latencies to be the result of a learning effect. Our results show that there was a trend for TF latency to decline in conscious rats, but that the TF latency remained constant in lightly anesthetized rats. Isoflurane is a potent hypnotic agent, and it exerts an antinociceptive effect at the level of the spinal cord [16] . In rats, the MAC has been reported to be 1.30 ± 0.25% [13] . Different anesthetic potencies of isoflurane on supraspinal or spinal structures have been reported. For isoflurane, the ratio of the righting-response ED50, an index of hypnosis, to MAC has been reported to have a mean value of 0.475 [6] , and increasing the isoflurane concentration from 0.6 to 0.9 MAC was found to have little effect on the motor system [1] . In the present study, it was found that isoflurane inhalation at approximately two-thirds of MAC provided constant TF latency values on repeated testing. Therefore, the presence of the learning effect cannot be ignored in conscious rats undergoing TF testing; light anesthesia can be used to eliminate the learning effect.
The systematic character of the resulting error renders it relatively unimportant when the experiments use constant thermal stimuli. On the other hand, as soon as the experimental protocol requires variation of the stimulus, this approximation can be the source of erroneous interpretations [13] . When the skin is exposed to a constant power source of radiant heat, the change in the skin surface temperature has been reported to increase in proportion to the square root of the time; the deep skin temperature increases more gradually [3, 8] . The present results show that the change in each observed temperature at the various intensities is well correlated with the values predicted by the non-linear regression equation (hyperbola, one site binding). If the heat source provides constant IR power, then the IR power×time equals the cumulative IR power flux. Thus, the equation can be re-stated as follows:
Skin temperature = cumulative IR power flux 4 (4.26 + time) + baseline skin temperature This equation indicates that the skin temperature depends on variables related to the cumulative IR power flux and the radiation time. In the present study, the heat flux profiles of the IR stimulator showed that each intensity's IR power flux reached constant power several seconds after being turned on; this was more obvious with strong intensities. Therefore, the observed skin temperature differed from the values predicted by the equation, assuming that the heat source provided a constant IR power. In thermal radiation experiments, the stimulator's intensity should be considered if the response time is in the range of the constant IR power flux.
A reduced skin temperature may be misinterpreted as analgesia, and an increased skin temperature may be misinterpreted as hyperalgesia [9] . However, the skin temperature depends on the radiation properties, the conduction properties, the initial temperature of the skin, and the amount of caloric energy delivered to a given skin surface area [13] . The present study's results indicate that the consistent TF latencies seen after repeated testing were achieved after pre-heating of the tail skin, and that the pre-heating effect remains to a certain extent due to heat diffusion and dissipation to tissue.
A strong stimulation predisposes to a reaction triggered by Ad fibers, while a gradually applied stimulus is triggered by C fibers. The thermal stimulus threshold for the activation of C-polymodal nociceptors is about 5°C lower than that of Ad-polymodal nociceptors [20] . The TF response with a lower and gradual radiation intensity is thought to be triggered by C fibers, while the TF response with a strong and steep radiation intensity is thought to be triggered by Ad fibers. The results of the predicted skin surface temperatures at the time of the TF response with the various stimuli used in the present study were not associated with a high or low temperature, based on the nociceptor response, but gradually increased as the IR intensity increased. Thermosensitive ion channels that are expressed in primary sensory neurons belong to the transient receptor potential (TRP) superfamily. They include TRPV1, TRPV2, TRPV3, TRPV4, TRPM8, and TRPA1, and they exhibit distinct thermal activation thresholds (>43°C, >52°C, >approximately 34-38°C, approximately 27-35°C, approximately 25-28°C, and <17°C, respectively). Ad fibers exhibit TRPV2-containing channels but do not express TRPV1, while C fibers exclusively exhibit TRPV1 [2, 12] . The involvement of TRPV1 in thermal nociception has been demonstrated, and the temperature threshold for the activation of TRPV1 has been found to vary [19] . This suggests that the temperature response ranges of C-polymodal nociceptors and Ad-polymodal nociceptors may not be fixed and may overlap.
TF responses tended to be inversely proportional to an increase in the skin temperature, but the shortening of TF latencies caused by an increase in the IR intensity was limited. Tillman et al. [18] reported that the temperature at the nociceptors is close to the surface temperature; however, when the heating slope is steep, the temperature at the nociceptors is lower and takes longer to rise. This suggests that when high IR intensities are used, the differences in the TF responses that occur prior to the achievement of a constant IR power flux may be misinterpreted as not being significant. Our results indicate that the profile of the stimulator-affected TF latency should be considered when interpreting TF tests. An IR intensity setting that is low enough to produce a TF response between the time it takes to achieve constant IR power and the cut-off time in rats anesthetized with 1% isoflurane should be used for TF testing.
